The neuronal circuits defined by the axonal projections of pyramidal neurons in the cerebral cortex are responsible for processing sensory and other information to plan and execute behavior. Subtypes of cortical pyramidal neurons are organized across layers, with those in different layers distinguished by their patterns of axonal projections and connectivity. For example, those in layers 2 and 3 project between cortical areas to integrate sensory and other information with motor areas; while those in layers 5 and 6 also integrate information between cortical areas, but also project to subcortical structures involved in the generation of behavior. Recent advances in neuroanatomical techniques allow one to target specific subtypes of cortical pyramidal neurons and label both their inputs and projections. Combining these methods with neurophysiological recording techniques and newly introduced atlases of the mouse brain provide the opportunity to achieve a detailed view of the organization of cerebral cortical circuits. V C 2016 Wiley Periodicals, Inc.
The principal projection neuron type of the cerebral cortex is the pyramidal neuron that releases the excitatory neurotransmitter glutamate. Pyramidal neurons are distributed across all layers of the cerebral cortex with the exception of layer 1, with those in each layer distinguished by their patterns of long-range axonal projections (Douglas and Martin, 2004; Harris and Shepherd, 2015) . Those in layers 2 and 3 distribute axons principally within the cerebral cortex, while those in layer 5 project more widely. Within each of these layers there are subtypes with distinct patterns of axonal connectivity. Subtypes of layer 2 and 3 neurons, all of which distribute axons principally within the cerebral cortex, may be distinguished by patterns of cortical projections. Layer 5 cortical pyramidal neurons may be further subdivided into those with projections restricted to the cortex and striatum, bilaterally, and those with projections distributed ipsilaterally within the cortex as well as to subcortical targets including the striatum, thalamus, subthalamic nucleus, inferior and superior colliculus and other nuclei in the midbrain and brainstem, as well as to the spinal cord. These latter subtypes are located in deeper layer 5 and may be further subdivided based on the patterns of distribution of collaterals to subcortical structures. Those in layer 6 typically connect intracortically or give rise to axonal projections to the thalamus. In addition to this laminar organization, the cerebral cortex is organized into functional areas associated with specific sensory, motor, or multimodal information. A major source of information entering sensory areas arises from thalamic projections to neurons in layer 4, distributing that information primarily to layers 2 and 3, and to some extent to layer 5. Within each cortical area, pyramidal neurons in layers 2 and 3 connect with SIGNIFICANCE The neuronal circuits defined by the axonal projections of pyramidal neurons in the cerebral cortex are responsible for processing sensory and other information to plan and execute behavior. Recent advances in neuroanatomical techniques allow one to target specific subtypes of cortical pyramidal neurons and label both their inputs and projections. Combining these methods with neurophysiological recording techniques and newly introduced atlases of the mouse brain provide the opportunity to achieve a detailed view of the organization of cerebral cortical circuits.
deeper layer 5 and 6 pyramidal neurons whose axonal projections target other cortical and subcortical systems. Long-distance axonal projections of pyramidal neurons provide the substrate for integrating information between cortical areas. The pattern of the axonal distribution of upper layer cortical neurons between cortical areas and the pattern of axonal distribution of lower layer cortical neurons that project cortically and subcortically establish coherent neural circuits that process afferent information and control behavior. Although this general architecture has been well described and provides a first-order description of cortical projections, our understanding of the fine details of this circuitry, how it varies across regions, and how it maps onto single neurons remains poorly understood.
Over the past 50 years, advances in neuroanatomical techniques have contributed to our understanding of the organization of cortical circuitry and its connectivity with subcortical systems. While technical innovation has driven our understanding of the general architecture of cortical circuitry throughout this period, the past decade has witnessed acceleration in the development of neuroanatomical techniques. These advances have not only provided greater insight into the detailed organization of cortical connectivity but have combined with physiological techniques to directly ascribe specific functions to individual circuit elements. Molecular genetic tools represent one of the most important recent contributions to neuroanatomical methods and have been utilized, for example, to generate transgenic mouse lines that enable hundreds of neuronal subtypes to be specifically targeted and their roles in brain function to be interrogated (Gong et al., 2007 , Gerfen et al., 2013 . The continued development and increased utilization of viral vectors expressing fluorescent proteins for anterograde, retrograde, and trans-synaptic tracing (Harris et al., 2012; Wickersham et al., 2007; Wall et al., 2010) are providing ever increasing details about the specificity of inputs to and projections of distinct neuron subtypes. These and other advances, combined with optogenetic, electrophysiological, and imaging techniques provide the ability to determine both the identity and specific function of the components of neural circuits as they relate to behavior (Luo et al., 2008) . These tools have been effectively exploited to establish databases, comprehensively mapping axonal projections across an entire mammalian brain. Such atlases consist of hundreds (or thousands) of axonal tracing experiments and include the Allen Institute Mouse Connectivity database (Oh et al., 2014) , the Mouse Connectome Project (Zingg et al. 2014) , and the Mouse Brain Architecture project (Mitra, 2014) . Finally, advances in imaging techniques to reconstruct the brainwide axonal projections of individual neurons provide the ability to map the connections of cortico-cortical and cortico-subcortical circuits at the single neuron level (Economo et al., 2015) .
The GENSAT project produced over 200 transgenic mouse lines that used bacterial artificial chromosomes (BAC) to express Cre-recombinase in specific neuronal subtypes (Gong et al., 2007) . Initially BAC-Cre lines expressing in the cortex were identified with expression specific to cortical layers 2, 3, 5, and 6. To identify different neuron subtypes of these layer specific lines, they were further characterized by injecting an AAV vector encoding a Cre dependent GFP construct, which labeled the axonal projections of Cre-expressing neurons (Gerfen et al., 2013) . This study identified BAC-Cre transgenic lines with selective expression in subtypes of pyramidal neurons confined specifically to layers 2, 3, 4, 5, and 6. As described above, cortical pyramidal neurons in layers 2 and 3 give rise to axonal projections distributed within the cerebral cortex, while layer 5 is composed of two main subtypes, intratelencephalic neurons (IT), providing projections bilaterally to the cerebral cortex and striatum, and pyramidal tract neurons (PT), providing inputs ipsilaterally to the cortex and subcortical structures. Layer 6 neurons provide axonal projections to other cortical areas or to the thalamus (Fig. 1) . Each BAC-Cre driver line is designated by the specific gene promoter that was targeted to drive Cre expression and the specific founder line that gave rise to selective expression in the specific neuron subtype. For example the BAC-Cre driver line selective for layer 2 and 3 cortical pyramidal neurons is Sepw1_NP39, in which Cre expression is linked to expression of the Sepw1 gene. A number of BAC-Cre driver lines produced selective expression in layer 5 cortical pyramidal neurons, one being Rbp4_KL100, that produces Cre expression in all neocortical areas. The axonal projections of Cre-expressing cells in this line are distributed bilaterally to the cerebral cortex and striatum, indicative of expression in IT layer 5 neurons, but also include projections to the thalamus, subthalamic nucleus, superior colliculus, and pontine nuclei, indicative of labeling of PT layer 5 neurons. Thus, this line provides a BAC-Cre driver line that enables targeting of both IT and PT layer 5 neurons. The lines Tlx3_PL56, Ebf2_NP183, and Grp_KH288 produce Cre expression in layer 5 cortical pyramidal neurons whose axonal projections are distributed bilaterally in the cerebral cortex and to the striatum, but not to other subcortical structures, indicating selective labeling of neocortical layer 5 IT neurons. While Tlx3_PL56 and NP183 produce Cre expression in layer 5 IT neurons, this expression is limited primarily to neocortical areas, whereas Grp_KH288 produces Cre expression in peri-allocortical areas, including secondary motor cortex (MOs) and prefrontal areas. The lines Sim1_KJ18, Chrna2_OE25, Efr3a_NO108, and Rcan2_ON50 produce Cre expression in layer 5 cortical pyramidal neurons whose axonal projections distribute ipsilaterally within the cerebral cortex, and in the striatum, thalamus, subthalamic nucleus, superior colliculus, pontine nuclei, and brainstem and spinal motor nuclei implying labeling of PT neurons. The line Ntsr1_GN220 produces labeling in layer 6 cortical pyramidal neurons, whose projections are distributed to the thalamus.
The GENSAT BAC-Cre driver line resource has been used in numerous studies to identify specific patterns of connectivity in subtypes of cortical pyramidal neurons, to characterize their physiological characteristics within neural circuits and to determine their functional role in behavior. For example, in a study of the visual cortex using these lines, Kim et al. (2015) characterized differences in the axonal projections of three subtypes layer 5 neurons using AAV-GFP vectors to trace anterograde projections and a modified rabies virus to label the inputs to each subtype. This study found that projections from V1 Tlx3_PL56 neurons distribute within V1, adjacent visual cortical and other sensory areas, frontal cortex and to the striatum, typical of IT cortical neurons. Projections of Efr3a neurons distributed axons locally in V1 and in adjacent visual cortical areas but not to the striatum, which distinguishes this subtype from other IT cortical neurons. On the other hand, projections of Glt25d2 neurons distribute axons only locally within VI but not to other cortical areas and project to the striatum, thalamus, superior colliculus, and pontine nuclei, typical of PT pyramidal neurons. In addition to divergent axonal projection patterns, these three classes of projection neurons received presynaptic input from distinct populations. Cortical inputs to the Tlx3 and Efr3a V1 neurons arose from other visual cortical areas, other sensory areas, prefrontal, motor, and other associational areas, whereas cortical inputs to Glt25d2 PT V1 neurons originated primarily in retrosplenial and cingulate areas. Additionally, the Glt25d2 PT V1 neurons received a significantly higher proportion of inputs from the thalamus than the Tlx3 and Efr3a V1 neurons. These results illustrate how genelinked expression of recombinases in specific mouse lines can be used to better define cell types and to define the structure of cortical circuits.
In another study using GENSAT BAC-Cre lines selective for neurons in cortical layer 2 and 3 (Sepw1_NP39), layer 5 IT and PT neurons (Rbp4_KL100) and neurons in layer 6 (Ntsr1_GN220), Denardo et al (2015) provided a comprehensive mapping of the laminar distribution of local and long distance inputs to these populations in the barrel cortex (BF) and medial prefrontal (mPF). While each region exhibited classical connectivity patterns -with deep layer neurons receiving strong input from layer 2 and 3 and layer 2 and 3 neurons in BF receiving input from layer 4 -this study also revealed an additional pathway from superficial to deep layers with layer 6 neurons in BF receiving inputs from layer 3. In addition, this study was able to provide a detailed mapping of the long distance projections from other cortical areas to the different layers of BF. Long distance inputs to BF arose from other S1 areas (body) as well as from S2, M1 and M2. Notably, they observed inputs to L2, L3, L5 and L6 from the ventral posteromedial (VPm) and postero-medial (POm) nuclei of the thalamus, confirming previous suggestions that thalamic input to cortex is not restricted to layer 4. Long-range cortical inputs to BF were organized such that more superficial layers receive inputs from superficially located Fig. 1 . The major circuits of the cerebral cortex and basal ganglia are diagrammed in a sagittal plane. Corticostriatal inputs arise from two major subtypes: intertelencephalic (IT) corticostriatal neurons, which provide bilateral inputs to the striatum, and pyramidal tract (PT) corticofugal neurons, which project an axon ipsilaterally with collaterals to the striatum, thalamus, subthalamic nucleus (STN), superior colliculus (SC), pons, and spinal cord. Two main subtypes of projection neurons in the striatum give rise to direct and indirect pathways. The direct pathway provides direct projections to the output nuclei of the basal ganglia, the internal segment of the globus pallidus (GPi), and the substantia nigra pars reticulata (SNr). The indirect pathway projects to the external segment of the globus pallidus (GPe), connecting indirectly through the STN to the GPi and SNr. The major output of the basal ganglia originates from GABAergic neurons in the GPi and SNr, which provide inhibitory input to the thalamus, SC, and pedunculopontine nucleus (PPN) From Gerfen et al., 2013. Fig. 2 . BAC-Cre driver lines from the GENSAT project with selective expression in layer and subtype specific cortical pyramidal neurons.Selective Cre-expression is demonstrated by crossing to a Rosa26_EGFP reporter that labels pyramidal neurons in specific cortical layers. Injections of AAV-Cre-dependent EGP vectors into the cortex label the axonal projections of the specific cortical neuron subtype. The Cre line, Sim1_KJ18 expresses in layer 5b pyramidal tract (PT) neurons, which have axonal projections to the ipsilateral striatum (caudate-putamen, CP), the thalamus, subthalamic nucleus (STN), superior colliculus (SC), and pontine nuclei (pons). The Cre line, Tlx3_PL56 expresses in layer 5a inter-telencephalic (IT) pyramidal neurons, which have axonal projections bilaterally within the cortex and the striatum (CP), but do not project to other subcortical structures. The Cre line, Sepw1_NP39, expresses in layer 2/3 pyramidal neuron, which also project bilaterally within the cortex and to the striatum (CP), but not to other subcortical structures. The Cre line Grp_KH288 expresses in layers 2/3 and 5a of secondary motor cortex (MOs) pyramidal neurons, which express bilaterally to the cortex and striatum (CP), but not to other subcortical structures. (Gerfen et al.,2013) neurons in M1 and M2, while deeper layers receive inputs from neurons located in corresponding layers. This pattern of connectivity demonstrates a distinct organization of information flow in feedback pathways to BF. BF and mPF were further found to receive long-range input from divergent cortical areas, as inputs to mPF were shown to arise primarily from other prefrontal areas rather than the somatomotor areas that connected preferentially with BF. Lastly, layer 5 neurons in mPF were found to be connected to a 2.5 fold greater proportion of GABAergic inhibitory neurons. Taken together these data demonstrate that compared to the cortical BF, which is a dedicated circuit integrating sensorimotor information, the mPFC receives inputs from a wider range of cortical areas in order to integrate information from a wide variety of functions related to cognitive function and behavior.
Studies combining molecular genetic neuroanatomical tracing techniques targeted to specific cortical pyramidal neuron subtypes can also provide details of the complex organization of connections between cortical areas. These tools can also be combined with neurophysiology, cellular imaging and optogenetic techniques to illuminate the functional role of identified cell types in the generation of behavior. In one such study from the Svoboda lab, Li et al. (2015) took advantage of a behavioral task in which a sensory cue was used to instruct a mouse to lick one of two lickports following a delay period to study how projection neurons in the anterior lateral motor (ALM) cortex control upcoming movements. Combining anatomical methods to dissociate intermingled IT and PT neurons in layer 5 with eletrophysiological and imaging approaches to characterize the activity of individual neurons during this task, they were able to demonstrate that although intermingled populations of neurons coded for each movment direction, PT neurons in particular selectively coded for movements to the contralateral side. This demonstrates that while ALM IT neurons encode preparatory information for different possible movements, activity in ALM PT neurons likely drives the directionality of the movement. This conclusion was tested by selectively activating ALM PT neurons during the delay prior to movement initiation, a manipulation that resulted in movements biased to the contralateral direction, as predicted. In contrast, selective activation of IT neurons resulted in movements in both directions. This study demonstrates how novel anatomical tools can be leveraged to untangle the functional roles of parallel projection pathways originating in motor cortex.
In addition to accelerating hypothesis-driven research, technological innovation has enabled the construction of several comprehensive databases of neuroanatomical connectivity of the mouse brain. The Mouse Brain Architecture project directed by Partha Mitra at Cold Spring Harbor (http://www.brainarchitecture.org/ projects-2; Mitra, 2014) and Mouse Connectome Project led by Hong-Wei Dong at the University of Southern California (http://www.mouseconnectome.org; Zingg et al, 2014) , have each constructed databases of as many as 600 tracer experiments focused on the mouse cerebral cortex. These efforts utilize classic axonal tracing methods with multiple anterograde (BDA and PHA-L) and retrograde (Fluoro-Gold and cholera toxin) axonal tracers injected into one or more cortical locations to provide a comprehensive mapping of cortico-cortical and corticofugal projections at a population level. The axonal projections and retrograde labeling for each injection case were mapped into the Allen Reference Atlas (Dong et al, 2007) . Registration of the cortical connectivity data onto a reference allowed analysis of the organization of patterns of cortical circuits using cluster analysis algorithms. This analysis identified distinct cortico-cortical networks and subnetworks as well as patterns of connectivity between the networks. The somatic sensorimotor network containing connections between sensory and motor areas was shown to include four subnetworks including the orofacialpharyngeal, upper limb, lower limb/trunk and vibrissal. Separate medial visual and auditory networks were shown to have connections with the lower/limb and whisker subnetworks of the distributed somatomotor system. Two distinct networks including insular and temporal cortical areas were identified as well as a network broadly integrating the claustrum and entorhinal cortices.
The Allen Institute Mouse Connectivity Project (Oh et al., 2014 ) also constructed a database containing the axonal projection patterns resulting from over 1000 tracer injections throughout the brain that are also registered to the same reference space. Axonal projections were visualized using AAV-GFP vectors that labeled projections in wild-type mice as well as Cre-dependent vectors that selectively label the axonal projections of defined cell types when combined with GENSAT and other transgenic Cre lines. In this project, labeled projections were imaged using serial two-photon tomography, which integrates two-photon microscopy (Ragan et al, 2012) with automated vibratome sectioning in order to automatically acquire high-resolution images in 100 um intervals across the full extent of the brain. This series of sections were then assembled across each specimen and registered to a consensus reference brain. This consensus, the Common Coordinate Framework, was constructed from the background autofluorescence images acquired from each brain in the full dataset at 10 mm resolution. Individual brain structures were then annotated in this reference space using a previously introduced hierarchical ontology (Dong, 2007) . This dataset is publicly available via a web interface, (http://connectivity.brain-map.org/) and associated Application Programming Interface (API) and is searchable by injection structure, mouse line, projection target, and a number of other parameters.
Having injection cases that span the full extent of the mouse brain that are registered to common reference space allows for analysis of the patterns of brain connectivity. Analysis of all injection cases in the database using cluster analysis algorithms identified the functional subnetworks spanning the cortex, thalamus, hypothalamus, midbrain, and brainstem. Through the Mouse Connectivity API, this database may be queried in order to retrieve individual experiments and images. This data is then available to users for further analysis in standard imaging programs such as ImageJ (FIJI) or ITKsnap. For example, injections into different parts of the somatosensory cortex, the barrel field, upper and lower limb, and mouth areas may be viewed in a single image-volume to map the topographic organization of projections into the striatum, thalamus, superior colliculus, and pontine nuclei (Fig. 3) . The ability to view the brain in multiple planes (horizontal, coronal, and sagittal) allows the topographic organization of these projections to be fully explored.
The Mouse Connectome Project used bulk injections of axonal tracers that label multiple neurons of all types at the injection site, whereas the Allen Institute Fig. 3 . Injection cases into 5 sites in the primary somatosensory cortex from the Allen Institute Mouse Connectivity Database and their axonal projections are mapped in the Common Coordinate Framework mouse reference atlas.A) Injections of 5 sites in the primary somatosensory cortex are color coded with sites in the mouth region (blue), upper limb (red), lower limb (gree) and two sites in the barrel field (yellow and purple). B) In a horizontal plane the projections within the cortex are shown to project to frontal motor areas. C and D) In the sagittal plane the projections from the cortex are shown to project through the striatum to the thalamus and superior colliculus. In the coronal plane (E to J) the topographic relationship of the somatotopically organized primary sensory cortex is shown to be maintained in the axonal projections to the striatum (in sections E and F and at higher magnification in F"), to the thalamus ( G and H and at higher magnification in H") and to the pontine nucleus (I and at higher magnification in I"). Mouse Connectivity Project utilized techniques that also labeled multiple neurons at the injection site but labeled specific subtypes of cortical pyramidal neurons using Credriver lines. As discussed above, cortical pyramidal subtypes in layers 2 and 3, layer 5 IT and PT, and layer 6 neurons have distinct patterns of axonal projections, both in terms of their distribution of projections within the cortex and to subcortical structures, but also in terms of their laminar distributions within the cortex. These distinct patterns of axonal distribution are important in fully understanding the organization of cortical circuits. While the ability to target specific cortical pyramidal subtypes with Cre-driver lines provides the ability to map the patterns of connectivity of these populations, the labeling of axonal projections of individual, similarly-classified neurons has identified substantial diversity. For example, in the somatosensory cortex, individual neurons in layers 2 and 3 have been shown to project axons either to motor areas or to secondary somatosensory areas (Yamashita et al., 2013) . Similarly, in the visual cortex different neurons in layer 5 have been shown to project to distinct secondary visual areas (Glickfeld et al., 2013) . In each example, neurons projecting to different cortical areas encoded specific features of sensory stimuli or behavioral tasks demonstrating that parallel output pathways are embedded within intermingled cortical populations. Similarly, although the set of target structures receiving connections from populations of layer 5 pyramidal tract neurons has been well described, a surprising diversity has been revealed in the projection patterns of individual PT neurons as well. Tracing the axonal projections of single cells, Kita (2012) demonstrated that some PT neurons in secondary motor areas have axon projections to all of these areas, whereas others have axonal projections directed to specific subsets. Classifying subtypes of projection neurons based on their patterns of axon collaterals and determining how these subtypes vary across cortical areas requires tracing the axonal projections of many individual neurons across cortical areas.
These and other studies highlight the necessity of describing projection patterns at the level of single neurons in order to better understand how information is represented and communicated between brain regions. However, reconstructing the brain-wide axonal projections of single neurons is technically challenging and has thus far been limited to a few tens of neurons in the most extensive studies. Several technologies have been recently introduced that aim to enable single-cell axonal projections of larger populations (Xiong et al., 2014; Economo et al., 2016) . The MouseLight Project at the Howard Hughes Medical Institute Janelia Research Campus seeks to produce a database of single-cell projections analogous to that of the Mouse Connectome Project and Allen Institute Mouse Connectivity Project. In this approach, neurons and their axonal projections are sparsely labeled using genetic methods, whole-brain samples are cleared using a novel, stable immersion medium, and the entire brain volume imaged at high resolution using block face two-photon microscopy (Fig. 4a) . The result of this procedure is a continuous, three-dimensional image volume in which every location in the mouse brain is captured at submicron resolution with high quality. At this resolution, each whole-brain dataset is comprised of approximately 5 teravoxels of image data, necessitating efficient tools for visualization, annotation, and analysis. Similar to software packages developed for browsing large-scale electron microscopy datasets (i.e., CATMAID, Saalfeld et al., 2009) , the Janelia Workstation enables navigation through and annotation of large-scale 3D fluorescence images. The full arbors of the long-range projections of single motor cortical pyramidal neurons were reconstructed using this approach (Fig. 4) , demonstrating its effectiveness. In figure 4 , the tracing of neurons in an individual brain are shown and the axonal projections of a single IT pyramidal neuron is depicted in a flattened coronal plane. The axonal projections of this layer 5 IT pyramidal neuron in the secondary motor cortex is typical of this neuron type, extending an axon collateral locally around the parent neuron and ipsilaterally to the somatosensory and ectorhinal cortex, contralaterally to the secondary motor cortex, bilaterally to multiple regions of the striatum and to the tenia tecta. Thus, this single IT neuron distributes axon collaterals to 10 or more long-range targets. These advances in imaging techniques, combined with advances in automatic image segmentation and annotation of neuroanatomical data (Peng et al., 2015) are now making it possible to investigate projection pathways in the brain at the single-neuron level.
The neuroanatomical techniques now available for mapping the axonal projections of cortical pyramidal neurons provide the unprecedented ability to analyze the detailed organization of cortical circuits responsible for the generation of behavior. Techniques utilizing transgenic Cre driver lines provide the ability to target specific cortical pyramidal neuron subtypes both for analyzing cortical and subcortical neuroanatomical circuits and for analyzing their functional roles in behavior. Databases of the axonal projections of hundreds of injection cases in the cerebral cortex, registered to a reference atlas provide comprehensive mapping of cortical and subcortical projections and enable quantitative descriptions of the organization of these circuits. Many decades of research have found that within a given cortical area, intermingled neurons code for distinct aspects of sensory stimuli, movements, and other behaviorally relevant variables. Recent studies have established that these distinct patterns of activity are often related to specific patterns of axonal projections so that specific information streams may be transmitted to distinct targets (Glickfeld et al., 2013; Yamashita et al., 2013) . Thus, the ability to map the axonal projections of hundreds of individual cortical pyramidal neurons offers the promise of establishing the details of information processing within cortical circuits responsible for the generation of behavior. To date, databases providing information on the axonal projections of populations of cortical neurons have enjoyed great success in furthering our understanding of neural circuit organization. Efforts such as the Janelia MouseLight Project hope to enable the construction of comparable databases of neuronal connectivity at an unprecedented level of precision.
